We have studied the structure (isomerism and conformation) of the products resulting from the double addition of four NH-azoles, benzotriazole, pyrazole, imidazole and benzimidazole, on glyoxal and on DODO ([1,4]-dioxane-2,3-diol). The reactions result in the formation of meso and d,l diastereoisomers, although in all cases a significant amount of unreacted azole remains. The four component mixtures were analyzed by 1 H and 13 C NMR. DFT calculations (B3LYP/6-31G*) were carried out to determine the relative stabilities of the different structures.
Introduction
The reversible addition of N-unsubstituted azoles to carbonyl compounds has been known for a long time. Since the most stable isomer is always isolated (thermodynamic control), 1,2 the product has generally the same structure as the most stable tautomer, 3 for instance, in the case of benzotriazole, the N1-substituted isomer and the 1H-tautomer are more stable than the 2-C(OH)RR' and 2H ones, respectively. Adduct stabilities are strongly dependent on the basicity of the azole and on the reactivity of the carbonyl compound. With acetone, the adducts are stable only at low temperature [1] [2] [3] while with formaldehyde or hexafluoroacetone the adducts can be isolated. [4] [5] [6] [7] Issue in Honor of Prof. In 1987, Katritzky et al. reported that the reaction of benzotriazole with glyoxal affords, in 100% yield, a bis-adduct, m.p. 167-169 ºC, to which they assigned the structure 1 (represented above as in the original publication) based on a 1 H NMR spectrum in DMSO-d 6 . 8 Besides, the IR spectrum showed an intense band at 3110 cm -1 characteristic of a strongly hydrogen bonded OH.
It was postulated that the HB involves the pyridine-like benzotriazole N2 atom, forming a pseudo six-membered ring. In a subsequent paper, Katritzky and Fan 9 reported the same compound obtained also in quantitative yield but with a m.p. of 196-199 ºC, adding that two diastereoisomers were formed, the meso and the d,l. The melting point of a mixture of compounds is not very relevant.
Using an Eu(III) chiral shift reagent, they determined that the singlet at 6.95 ppm (methine CH) belongs to the d,l-form (since it split into two broad peaks) while the singlet at 7.00 ppm belongs to the meso-form (no splitting was observed). The ratio of meso-to d,l-adducts was 75:25 according to the integrals of the two aliphatic CH signals of 1,2-di(benzotriazol-1-yl)ethane-1,2-diol (1). 9 Katritzky's work on 1 was commented upon in an important review on benzotriazoles. 10 Note that the situation represented in Figure 1 is similar to those of tartaric acids. The stability of compound 1 could be related to the formation of two pseudo five-(not previously considered) or two pseudo six-membered hydrogen bonded rings 9 ( Figure 2 ). In the case of the meso structure, it is not possible to form two pseudo six-membered rings. As we will discuss in the theoretical section, other conformations with one pseudo-six, one pseudo-five or no pseudo-rings are possible. We have prepared and characterized 1 as well as three previously unknown analogues of 1, 
Results and Discussion

Synthesis
Compounds 1, 2, 3 and 4 have been synthesized according to the procedures described by Katritzky et al. 8, 9 where the glyoxal reacted with two equivalents of the corresponding azole in a mixture of acetic and sulfuric acids 8 or in aqueous acetic acid 9 to give a mixture of the diol and the starting azole. Only for compounds 1 and 2, a precipitate appeared immediately when the glyoxal was added to the reaction; this may be due to the formation of intramolecular hydrogen bonds (IMHB) between N2 and the OH groups, these kind of IMHBs cannot be formed in the cases of 3 and 4.
In the reaction crude, the ratio of diol to starting azole is approximately 60/40 in the standard reaction for preparing 1,2-di(benzotriazol-1-yl)ethane-1,2-diol (1); similar results are obtained under slightly different reaction conditions (Table 1) . For compounds 2, 3 and 4 the reaction conditions are the same in the three cases ( Table 1 ). The ratio diol/azole is 70/30 for 1,2- (4), the diol appears in small amounts. Due to the facile reversibility of the double addition, these three-component mixtures cannot be purified.
We have been unable to reproduce the quantitative yield in 1 described by Katritzky. 8, 9 In our hands, a significant proportion of unreacted benzotriazole (5) always remains. With pyrazole (6) the results were more satisfactory. The much more basic imidazole (7) It has been reported that [1, 4] -dioxane-2,3-diol (DODO) is an convenient alternative to glyoxal. 12 The results obtained with DODO are reported in Table 2 . Two results of Table 2 are worth mentioning: i) in all cases about 50% of the starting azole remains; ii) the proportion of the adduct in the first two cases is only slightly worse (about 5% less adduct) but much better in the two last examples (imidazole and benzimidazole) where there is about 35% more adduct. 8, 9 in this work, we have assigned all the protons and carbons of both stereoisomers (Tables 3 and 4 ) using the differences in intensities of both diastereoisomers and 2D 1 H-13 C correlations. In the case of the benzotriazole derivative, the ratio of the most abundant to the less abundant in DMSO-d 6 according to the integrals of the two aliphatic CH signals (Figure 4 ) is 78/22, in agreement with Katritzky's results. 9 According to this author they correspond to meso and d,l forms, respectively. All adducts have an Az-CHOH-CHOH-Az structure to which corresponds an AA'BB' system in the 1 H NMR. In the case of compound 2 (see Table 3 ) the system has been analyzed and the coupling constants determined for both isomers. Note the almost identical nature between our values and those of Katritzky for the methine CH signals (6.97/7.00 and 6.94/6.95 ppm) and for the proportions (78/22 and 75/25). In the 1 H NMR spectrum of 1,2-di(pyrazol-1-yl)ethane-1,2-diol (2) in DMSO-d 6 a mixture of stereoisomers and unreacted pyrazole is observed ( Figure 5 ). The 1 H (Table 3 ) and 13 C (Table 4) ISSN 1424-6376chemical shifts of the major and minor isomers (methine CH) show similar differences as in the case of benzotriazole 1 (+0.04 vs. +0.03 ppm and -0.5 vs. -0.8 ppm). Therefore, we conclude that also in the case of 2 the major isomer is the meso and the minor, the d,l. The signals appear duplicated in the 13 C NMR spectrum in DMSO-d 6 solution for 2 (Table 4 and Figure 5 ).
NMR spectroscopy
The coupling constants corresponding to the CH and OH groups of the major and minor isomers of compound 2 can be analyzed as an AA'XX' spectrum. For the HCCH couplings we have used a modified Karplus equation that takes into account two N and two O substituents:
3 J HCCH = 4.9 cos 2 θ + 1.4 
We are aware that a 1-pyrazolyl substituent is not a standard amino group, nevertheless, we have applied eqs. (1) and (3) to the calculated conformations (see later). 
Theoretical results
We have carried out B3LYP/6-31G* calculations (see experimental part) for derivatives 1 and 2.
The results are reported in Tables 5 and 6 . A negative value of the difference means that the meso is more stable; a positive one corresponds to the d,l being more stable. For compound 1, according to the calculations, the d,l is the most stable in absence of solvents (+8.6 kJ mol -1 ) and the meso when a continuum model is used to simulate DMSO (the -4.2 kJ mol -1 value corresponds to ∆H). This last value agrees reasonably well with the experimental result, since in DMSO, the ratio 78/22 corresponds to ∆G 298.15 = -3.1 kJ mol -1 .
In the case of 2 we have carried out a wider study because in this case we know some coupling constants of the CHOH-CHOH fragment that can be used in defining the conformations. We have calculated four meso forms and four d,l ones. In Fig. 6 we also added the coupling constants calculated with eqs. (1) (Table 6 ). The meso isomer has coupling constants of 3 J HCCH = 6.90 and
The calculated relative energies of 
Conclusions
We have shown that the reactions of double addition of azoles to glyoxal are never complete and that the more basic the pyrazole is, the less complete the addition. 
Experimental Section
General procedures for the synthesis of 1, 2, 3, and 4 A) Azole, sulfuric acid, and acetic acid were stirred at 75 ºC, and a 40% aqueous solution of glyoxal, was added. The mixture was kept at room temperature for 24 h, whereupon the solid was filtered off, washed with first with acetic acid, then twice with water and dried. 
B)
A mixture of azole, 40% aqueous solution of glyoxal and acetic acid in water was allowed to stand overnight at room temperature. The resulting precipitate was collected by filtration, washed with water and dried. 9 This work-up corresponds to benzotriazole 1 and pyrazole 2 derivatives.
In the case of imidazole and benzimidazole (adducts 3 and 4) the final acid solution was evaporated and the resulting oil was washed with a small amount of cold 1:1 ethanol-water mixture, and then analyzed by NMR. Even in the case of solids, 1 and 2, the melting point is meaningless because they are ternary mixtures of meso, d,l and starting azoles (5, 6 C NMR spectra were spectral width 20500 Hz, pulse width 10.6 µs at an attenuation level of -6 dB and resolution 0.63 Hz per point; WALTZ-16 was used for broadband proton decoupling; the FIDS were multiplied by an exponential weighting (lb = 1 Hz) before Fourier transformation. 2D inverse proton detected heteronuclear shift correlation spectra, 1 H-13 C gs-HMQC, were carried out with the standard pulse sequences. 14 Computational details. The geometry of the molecules has been optimized at the B3LYP/6-31G* computational level 15, 16 within the Gaussian-03 package. 17 The minimum nature of the structures has been confirmed by frequency calculation at the same computational level. The solvent continuum model PCM has been used with the parameters defined for DMSO to model the solvation effect on the conformational energy.
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